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Edited by Hans EklundAbstract The crystal structure of seabream antiquitin in com-
plex with the cofactor NAD+ was solved at 2.8 A˚ resolution.
The mouth of the substrate-binding pocket is guarded by two
conserved residues, Glu120 and Arg300. To test the role of these
two residues, we have prepared the two mutants E120A and
R300A. Our model and kinetics data suggest that antiquitins
speciﬁcity towards the substrate a-aminoadipic semialdehyde is
contributed mainly by Glu120 which interacts with the a-amino
group of the substrate. On the other hand, Arg300 does not have
any speciﬁc interaction with the a-carboxylate group of the sub-
strate, but is important in maintaining the active site conforma-
tion.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
Keywords: Antiquitin; ALDH7; a-Aminoadipic semialdehyde;
X-ray crystallography; Site-directed mutagenesis; Pyridoxine-
dependent epilepsy1. Introduction
Antiquitin (ALDH7) is a member of the aldehyde dehydro-
genase (ALDH) superfamily. This superfamily of enzymes is
characterized by their catalytic ability to oxidize a wide variety
of endogenous and exogenous aldehydes to their correspond-
ing acids in the presence of NAD(P)+ [1]. A strikingly high de-
gree of amino acid sequence identity of 60% has been found
between plant antiquitins and their human counterpart. To re-
ﬂect the ‘‘antique’’ nature of such a highly conserved protein,
the enzyme was coined the name ‘‘antiquitin’’. This protein is
believed to play some essential roles in certain crucial cellular
processes [2,3].
In plants, antiquitin is thought to possess osmoregulatory
and/or detoxiﬁcation functions since expression of the enzymeAbbreviations: a-AASA, a-aminoadipic semialdehyde; ALDH, alde-
hyde dehydrogenase; NAD(H), nicotinamide adenine dinucleotide
oxidized form (reduced form); P5CDh, D1-pyrroline-5-carboxylate
dehydrogenase; P6C, D1-piperideine-6-carboxylate
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doi:10.1016/j.febslet.2008.07.059is induced during dehydration [4–6]. The increase in its expres-
sion level may act to counteract the osmotic pressure changes
[7] through the production of carboxylate-containing osmo-
protectants and/or removal of toxic aldehydes [8]. In contrast
to its plant counterparts, human antiquitin does not show
any inducible response to stresses including dehydration, os-
motic challenge, heat-shock and cold-shock [2,9]. Nevertheless,
a change in the expression level of the enzyme could be ob-
served during oocyte maturation in pig [10]. This, together
with the observation of an increase in antiquitin level during
apple fruit development [11], leads to the suggestion that
antiquitin may play a developmental role.
In animals, the antiquitin protein has only been puriﬁed and
characterized in ﬁsh, viz. in black seabream [8,12] and in grass
carp [13]. Resembling most ALDHs, antiquitin is a homotetr-
amer with a subunit molecular mass of 58 kDa. Antiquitin
can oxidize several aliphatic aldehydes such as acetaldehyde
and propionaldehyde, but not betaine aldehyde and succinic
semialdehyde [8]. However, its aﬃnities towards these sub-
strates are weak and hence these aldehydes are unlikely the
physiological substrates of antiquitin. Recently, a-aminoadipic
semialdehyde (a-AASA), an intermediate in lysine catabolism,
was suggested to be the physiological substrate of antiquitin
[14]. The lack of enzymatic activity of antiquitin due to muta-
tions in the human antiquitin gene will lead to accumulation of
a-AASA and its equilibrium product D1-piperideine-6-carbox-
ylate (P6C), and causes seizures in pyridoxine-dependent epi-
lepsy patients [14,15].
Structurally, antiquitin contains all the 16 conserved amino
acid residues of the ALDH superfamily [16]. Following the
ﬁrst crystal structure of ALDH obtained for human ALDH3
(PDB: 1AD3) [17], several structures of ALDHs have been
solved, including the sheep ALDH1 (PDB: 1BXS) [18], rat ret-
inal dehydrogenase (RALDH2) (PDB: 1BI9) [19], bovine
ALDH2 (PDB: 1A4Z) [20], cod betaine aldehyde dehydroge-
nase (BALDH) (PDB: 1BPW) [21], Escherichia coli YdcW
(PDB: 1WNB) [22], Thermus thermophilus D1-pyrroline-5-car-
boxylate dehydrogenase (P5CDh) (PDB: 2BHQ) [23], as well
as Streptococcus mutans non-phosphorylating glyceraldehyde-
3-phosphate dehydrogenase (PDB: 2ESD) [24]. All of them ex-
ist as tetramers, except ALDH3 which is a dimeric protein.
Although protein sequence alignment of these ALDHs reveals
identities of less than 40%, these proteins do share a common
overall folding pattern in having three discernable domains,
viz. catalytic domain, NAD+-binding domain and oligomeri-
zation domain, in each monomeric unit.blished by Elsevier B.V. All rights reserved.
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itin in complex with NAD+. Based on the crystal structure of
antiquitin and the accompanying mutagenesis studies, the
structural basis of its substrate speciﬁcity towards a-AASA
was discussed. In addition, the antiquitin structure also pro-
vides explanations for how mutations in the antiquitin gene
found in pyridoxine-dependent epilepsy patients could lead
to inactivation of the enzymatic activity of antiquitin.2. Materials and methods
2.1. Crystallization, diﬀraction data and structure determination
Expression and puriﬁcation of recombinant antiquitin in E. coli was
performed as described previously [8]. The puriﬁed antiquitin was dis-
solved in 10 mM HEPES, pH 7.0, with 1 mM NAD+ at a protein con-
centration of 10 mg/ml. Crystals were obtained by vapor diﬀusion
from droplets containing 4 ll of protein solution plus 2 ll of precipi-
tant solution containing 18% PEG 3000 and 0.1 M BIS–TRIS, pH
6.5, which were equilibrated against 1 ml of the same precipitant solu-
tion at 277 K. The crystals were loop-mounted and transferred into the
cryostream at 100 K. X-ray diﬀraction data of the binary antiquitin-
NAD+ complex were collected using the synchrotron of beamline 6B
at the Pohang Light Source, Pohang Accelerator Laboratory, Republic
of Korea. The diﬀraction data were processed using DENZO and
SCALEPACK of the HKL software [25].
The binary complex of antiquitin was solved by molecular replace-
ment using the program MOLREP [26] in the CCP4 suite [27]. The
cod BALDH (PDB: 1BPW), sharing 27% sequence identity with
antiquitin, was used as the search model which was modiﬁed based
on the sequence alignment [28]. The asymmetric unit contained eight
monomers of antiquitin, which formed two tetramers that were in
agreement with known quaternary structure of the ALDHs. Initial
models were built using the program XTALVIEW [29] and reﬁned
using the program CNS [30]. To avoid model bias, model building
was guided by maps generated by density-modiﬁcation and compos-
ite-annealed-omit protocols, followed by reﬁnement using the simu-
lated annealing protocol. Eightfold non-crystallographic symmetry
restraints (300 kcal mol1) were applied to all atoms of residues 8–
500. The NAD+ ligand was located with the sigma-A weighted
2mFo–DFc and mFo–DFc maps as well as the composite-annealed-
omit maps. After several rounds of reﬁnement, REFMAC5 [31] was
used for further reﬁnement. Guided by improvement in Rfree values,
NCS restraints were extended to include residues 2–509, and the
weighting was set to tight for both main-chain and side-chain atoms.
At this stage, 8-fold NCS-averaged maps generated by the program
COOT [32] was used to guide further model rebuilding. It was later
apparent that a loop (residues 329–340) of chain A adopted a confor-
mation diﬀerent from other chains, and these residues were excluded
from the NCS restraints. Water molecules were located in the Fo–Fc
map with peaks of density >3.0r, and only those that can form hydro-
gen bonds to other protein or water atoms were kept. In the ﬁnal
rounds of reﬁnement, NCS restraint weighting for the side-chain atoms
were reduced to medium for residues 332–335, and to loose for res-
idues 9, 35, 213, 227, 248, 357, 361, 410, 499, 500, 508 and 509. Five
percent of data was left out randomly for cross-validation, and the
same data set was used by both CNS and REFMAC5 throughout
the reﬁnement. The ﬁnal Rfree and Rcryst values were 0.228 and
0.211, respectively. The small diﬀerence between Rfree and Rcryst was
due to the 8-fold NCS, which introduces correlation between the data
in the test and working sets so that they are not completely indepen-
dent of each other [33,34].
2.2. Site-directed mutagenesis
Mutations at speciﬁc sites were introduced into antiquitin by PCR
using speciﬁc mutagenic primers. The sequences of the sense mutagenic
primers used for generating the mutants were as follows, with the
mutated codons underlined: E120A, 5 0-GAGAAGTTCAGGCCTAC-
GTTGATG-3 0; R300A, 5 0-AACCGCTGGCCAGGCCTGCACCA-
3 0. The PCR products were subcloned into pRSETA vector
(Invitrogen, Carlsbad, USA). DNA sequencing was performed to con-
ﬁrm the sequences of the mutants. The mutants were expressed inE. coli BL21(DE3)LysS and puriﬁed as described for the wild-type
enzyme [8].2.3. Synthesis of P6C/a-AASA
P6C/a-AASA was synthesized as described [14]. Brieﬂy, 10 mg ally-
sine ethylene acetal (Chiralix B.V., Nijmegen, The Netherlands) was
mixed with 40 mg Amberlyst-15 (dry) resin (Sigma–Aldrich, St. Louis,
USA) in 1 ml water for 10 min. An equilibrium mixture of P6C/a-
AASA was obtained from the ﬁltrate. The amount of P6C formed
was determined by reaction with 2-aminobenzaldehyde [35]. The
absorbance was measured at 465 nm and an extinction coeﬃcient of
2800 M1 cm1 was used for the calculation.
2.4. Determination of enzyme activity
Enzyme activity of antiquitin was measured spectrophotometrically
by following the initial rate of NADH production at 340 nm in an as-
say medium containing 2.5 mM NAD+ and diﬀerent concentrations of
the substrate. The buﬀers used for the substrate acetaldehyde and a-
AASA were 0.1 M sodium pyrophosphate (pH 9.5) and 0.1 M MOPS
(pH 7.8) [14], respectively.3. Results and discussion
3.1. Overall structure of antiquitin
We have solved the crystal structure of seabream antiquitin
in complex with NAD+ at 2.8 A˚ resolution. The statistics of
diﬀraction data and reﬁnement are summarized in Table 1.
The asymmetric unit contains two tetramers of antiquitin, each
exists as a dimer-of-dimers (Fig. 1A). Each monomer is com-
prised of three domains, viz. NAD+-binding domain (residues
2–132, 159–270), catalytic domain (residues 271–472), and
oligomerization domain (residues 133–158, 473–511) (Fig.
1B). Such tetrameric organization of antiquitin is common in
most ALDHs. The monomeric structure is also highly con-
served, as shown by the low Ca rmsd (sheep ALDH1
(1.23 A˚) [18], Elephantulus edwardii g-crystallin (1.34 A˚) [36],
bovine ALDH2 (1.26 A˚) [20], rat ALDH3 (1.58 A˚) [17], cod
BALDH (1.24 A˚) [21] and E. coli YdcW (1.22 A˚) [22]).
3.2. Cofactor-binding site
The electron densities of NAD+ are well deﬁned and assume
a single conformation (Fig. 2A). The adenosine ribose is stabi-
lized by three hydrogen bonds: the oxygen atom AO3* inter-
acts with the main chain oxygen of Thr163 while the side
chain of Lys189 interacts with both the AO2* and AO3*
atoms. The oxygen atoms of the phosphate group are hydro-
gen bonded with the main chain amide nitrogen as well as with
the side chain hydroxyl group of Ser246. The nicotinamide ri-
bose is stabilized by two hydrogen bonds formed between the
side chain oxygens of Glu398 and the NO2* and NO3* atoms.
Two main conformations of the cofactor have been identi-
ﬁed in diﬀerent binary ALDH complexes, and isomerization
between the two conformations is believed to play a crucial
role in catalysis [37]. It has been proposed that bound
NAD+ prefers the ‘‘hydride-transfer’’ conformation where
the C4 atom of the nicotinamide ring is located close to the cat-
alytic cysteine residue ready for hydride transfer. After the
transfer of hydride to the C4 atom of NAD+, the reduced
NADH isomerizes to the ‘‘hydrolysis’’ conformation where
the nicotinamide ring is shifted towards the original position
of nicotinamide ribose in the ‘‘hydride-transfer’’ conformation.
Such displacement of the nicotinamide ring allows a water
molecule to be bound and activated by the catalytic glutamine
Table 1
Summary of data collection and reﬁnement statistics
Data statistics
Maximum resolution (A˚) 30–2.8 (2.9–2.8)
Space group P1
Unit cell dimensions
a, b, c (A˚) 88.16, 111.023, 113.643
a, b, c () 90.50, 98.10, 111.59
Temperature (K) 100
Number of measurements 246880
Number of unique reﬂection 86382 (7869)
Redundancy 2.9 (2.3)
Completeness (%) 93.0 (85.0)
Rmerge
a 0.123 (0.304)
Mean I/r(I) 7.3 (2.1)
Reﬁnement statistics
Rcryst
b 0.211 (0.313)
Rfree
c 0.228 (0.355)
Model
Number of protein atoms 30944
Number of NAD+ atoms 352
Number of water atoms 179
Mean B value (A˚2) 21.5
r.m.s. deviation from ideality
Bond distance (A˚) 0.008
Bond angles () 1.1
Ramachandran plot analysisd
Most favored region (%) 90.9
Allowed region (%) 8.2
Generously allowed regions (%) 0.6
Disallowed regions (%) 0.2
aRmerge ¼
P
hkl
P
njIðhklÞn  hIðhklÞij=
P
hkl
P
nIðhklÞn, where I(hkl)n is
the observed intensity of the nth reﬂection and ÆI(hkl)næ is the mean
intensity of reﬂection hkl.
bRcryst ¼
PkF oj  jF jjc=j
P jF oj, where Fo and Fc are the observed and
calculated amplitudes, respectively.
cThe free set contains 4332 reﬂections in the structure of antiquitin-
NAD+.
dRamachandran plot analysis was performed by the program PRO-
CHECK [39].
Fig. 1. (A) Tetrameric antiquitin forms a dimer-of-dimer in the crystal
structure. The pale and dark green subunits form a dimer that interacts
with the red and pink dimer to form an overall tetrameric structure of
antiquitin. (B) Each monomer of antiquitin is consisted of a NAD+-
binding domain (blue), a catalytic domain (pink), and an oligomer-
ization domain (green). The bound NAD+ molecule is colored in
yellow. Residues (Ala170 and Glu398) implicated in pyridoxine-
dependent epilepsy are indicated in red. The ﬁgure was prepared with
PyMOL (http://www.pymol.org). (C) Superimposition of Ca trace of
seabream (red) and human (yellow) antiquitin.
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acylenzyme intermediate. Consistent with the generally ac-
cepted mechanism of ALDH, the bound NAD+ in antiquitin
is in the ‘‘hydride-transfer’’ conformation (Fig. 2A), and to-
gether with the catalytic Cys301, is positioned at the bottom
of the funnel-shaped substrate-binding pocket (Fig. 2B).
3.3. a-AASA as the substrate of antiquitin
Using a crude cell extract as the enzyme source, a-AASA has
recently been identiﬁed as a substrate of antiquitin [14]. In the
present study, the oxidizing activity of antiquitin towards a-
AASA was conﬁrmed using the puriﬁed recombinant sea-
bream enzyme with Km and kcat values of 67 lM and 6.5 s
1,
respectively (Table 2). The kcat/Km value of 97 · 103 M1 s1
is >100-fold larger than that towards the oxidation of acetalde-
hyde.
3.4. Site-directed mutagenesis and structural basis of substrate
speciﬁcity
The substrate speciﬁcity of antiquitin towards a-AASA can
be explained by the structure of the substrate-binding pocket
(Fig. 2B). The lower part of the pocket is formed by hydropho-
bic residues such as Phe167, Ala170, Trp174 and Phe467,
which are expected to form hydrophobic interactions with
the aliphatic chain of a-AASA. At the mouth of the pocket,there is a pair of oppositely charged residues, Glu120 and
Arg300, located 10 A˚ away from each other (Fig. 2B). It is
likely that they form charge-charge interactions with the a-
amino and a-carboxylate groups of the substrate.
Fig. 2. (A) Bound NAD+ in antiquitin is in a ‘‘hydride-transfer’’ conformation. The Fo–Fc omit electron map of NAD
+ is contoured at 3.5r.
Potential hydrogen bonds are represented in dashed lines with contacts <3 A˚. The distance between the Sc atom of Cys301 and the C4 atom of the
nicotinamide ring is 3.0 A˚, suggesting that the cofactor is in a ‘‘hydride-transfer’’ conformation. (B) Substrate-binding pocket of antiquitin. The
funnel-shaped pocket is surrounded by the hydrophobic residues Phe167, Ala170, Trp174 and Phe467. The C4 atom of NAD+ and the Sc atom of
Cys301 are pointing towards the bottom of the substrate-binding pocket, ready for the hydride-transfer reaction. The mouth of the pocket is guarded
by two charged residues, Glu120 and Arg300. Residues (Ala170 and Glu398) implicated in pyridoxine-dependent epilepsy are indicated in red, and
NAD+ is in yellow in both panels. The ﬁgure was prepared with PyMOL (http://www.pymol.org).
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among antiquitins but not other families of ALDHs [2,4], we
hypothesize that they play critical roles in determining the sub-
strate speciﬁcity of antiquitin. To test this hypothesis, we have
created two mutants, E120A and R300A of antiquitin, and
measured their enzyme kinetics with a-AASA as substrate (Ta-
ble 2). If the charged side chains of these residues do interact
with the aldehyde substrate, alanine substitution on either of
these residues will aﬀect the a-AASA oxidizing activity of
the mutants. When compared with the wild-type enzyme, the
E120A substitution resulted in 10-fold increase in the Km va-
lue and 8-fold decrease in the kcat value (Table 2), suggesting
that Glu120 is involved in stabilizing the enzyme–substrate
complex through charge–charge interaction with the positively
charged a-amino group of the substrate. On the other hand,
the R300A substitution did not signiﬁcantly alter the Km value
but resulted in 30-fold decrease in the kcat value (Table 2).
These data suggest that Arg300 is not involved in substrate
binding. How the mutation lower the activity of the enzyme
is not clear. One possibility is that the R300A mutation re-
moves a positively charged group that may stabilize the transi-
tion state with anionic character. Alternatively, the mutationmay aﬀect the local conformation of the adjacent catalytic res-
idue, Cys301, thus lowering the activity of the enzyme.
The enzyme kinetics of the mutants was also studied by
using acetaldehyde as substrate. The Km values for E120A
and R300A were within 4-fold of diﬀerence when compared
with that of the wild-type enzyme (Table 2). Unlike a-AASA,
acetaldehyde does not possess any charged side chain to have
speciﬁc interaction with Glu120 at the mouth of the substrate-
binding pocket. Hence, the mutation of Glu120 has a less sig-
niﬁcant eﬀect on the binding of acetaldehyde. On the other
hand, the kcat value for R300A was only 2% of that for wild-
type antiquitin, compared with 32 % in E120A (Table 2). Thus,
for both a-AASA and acetaldehyde as substrate, Arg300 is
more important than Glu120 in the catalytic process.
The site directed mutagenesis did not cause any global struc-
tural change of the enzyme, as shown from the results of circu-
lar dichroism studies. The spectra of wild-type antiquitin and
the two mutants from 220 nm to 260 nm overlapped with each
other with a predicted 30% helix, 10% anti-parallel, 10% paral-
lel, 10% beta turn and 35% random coil (data not shown),
showing that the activity change is a result of local conforma-
tional change.
Table 2
Kinetic parameters of antiquitin and its mutants towards the oxidation of a-AASAa and acetaldehydeb
a-AASA Acetaldehyde
Km (lM) kcat
c (s1) kcat/Km (M
1 s1) Km (lM) kcat
c (s1) kcat/Km (M
1 s1)
Wild-type 67 6.5 97 · 103 3600 3.1 0.86 · 103
E120A 660 0.79 1.2 · 103 13000 1.0 0.077 · 103
R300A 52 0.22 4.2 · 103 11000 0.07 0.0064 · 103
aEnzymatic activities were determined in 0.1 M MOPS, pH 7.8, with 2.5 mM NAD+ at diﬀerent concentrations (0.01–1.5 mM) of a-AASA as
substrate.
bEnzymatic activities were determined in 0.1 M sodium pyrophosphate, pH 9.5, with 2.5 mM NAD+ at diﬀerent concentrations (0.5–35 mM) of
acetaldehyde as substrate.
ckcat is calculated as NADH produced/second/active site of antiquitin.
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modeled the substrate a-AASA into the active site of antiqu-
itin (Fig. 3). Our model shows that the aliphatic chain of a-
AASA ﬁts nicely without steric clashes to the substrate-binding
pocket and forms interaction with the surrounding hydropho-
bic residues, while the a-amino group forms a salt-bridge with
Glu120. Consistent with our kinetics data, the a-carboxylate
group of the substrate is not in direct contact with Arg300.
The role of Arg300 is less obvious, although we believe that
it is important in maintaining the overall conformation of
the active site for the nucleophilic attack of Cys301 on the
aldehyde carbonyl.
Both Glu120 and Arg300 are conserved among antiquitins.
However, structural alignment shows that the ionic character-
istics of these two residues are not conserved in other members
of the ALDH superfamily. These two positions are at the en-
trance of the substrate-binding pocket and, in most cases, have
not been shown to play any signiﬁcant role in substrate bind-
ing. The diﬀerent substrate-binding pockets account for the
diﬀerent substrate speciﬁcities of the ALDHs. For example,
in E. coli YdcW, the positively charged trimethylammonium
part of the betaine aldehyde substrate does not interact with
any negatively charged amino acid residues; instead, it stacksFig. 3. Modeled structure of the enzyme–substrate complex. a-AASA was m
XTALVIEW [29]. The aldehyde function group was positioned in such a way
allows a nucleophilic attack from the thiol group of Cys301. The torsion ang
with other protein atoms in the binding pocket. Guided by our kinetics data, t
with the carboxylate group of Glu120.against the phenyl ring of Phe436 and is stabilized by electro-
static interaction with the p electron cloud [22]. The substrate-
binding pocket of antiquitin is most similar to that of P5CDh,
an enzyme that catalyzes the oxidation of glutamate-c-semial-
dehyde [23]. Glutamate-c-semialdehyde resembles a-AASA
structurally, except that the aliphatic chain in glutamate-c-
semialdehyde (5-carbon backbone) is shorter by one –CH2–
unit. Although the overall amino acid sequence identity
between antiquitin and P5CDh is low (22%), the residues
that form the substrate-binding pocket of the two enzymes
are well conserved. A pair of charged residues, E137 and
K321, corresponding to E120 and R300 respectively in anti-
quitin, are located at the entrance of the substrate-binding
pocket of P5CDh where they stabilize the substrate through
water-mediated hydrogen bonds [23]. Compared with the
structure of P5CDh, the substrate-binding pocket of antiquitin
is deeper and narrower. The Trp174 that forms part of the
hydrophobic binding pocket of antiquitin is replaced by a
glycine in P5CDh. As a result of the presence of Trp174, the
carboxylate group of Glu120 in antiquitin is positioned 3 A˚
above its corresponding residue (Glu137) in P5CDh. Our
modeling suggests that such structural changes provide better
interaction with the longer substrate a-AASA.odeled into the substrate binding pocket manually using the program
that it forms a hydrogen bond with the backbone amide of Cys301, and
les along the aliphatic chain were then adjusted to avoid steric clashes
he a-amino group of a-AASA was positioned to form a hydrogen bond
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During the course of this study, the structure of human
antiquitin (also known as aminoadipate semialdehyde dehy-
drogenase, ALDH7A1) was deposited in the protein database
(PDB: 2J6L). Both the monomeric and quaternary structures
of seabream and human antiquitin are highly conserved. The
structure of seabream antiquitin is superimposable with the
human homolog, with a Ca rmsd value of 0.36 A˚ (Fig. 1C).
The residues responsible for cofactor and substrate binding
(Fig. 2) are conserved, and the conformations of these active
sites residues (including Ala170 and Glu398 that are implicated
in pyridoxine-dependent epilepsy, see below) are essentially
identical in both seabream and human antiquitins. Based on
the structural similarity (84% sequence identity) between the
two homologous proteins, we believe that the model of sub-
strate–enzyme interaction we proposed is also generally appli-
cable to the human enzyme.
3.6. Implication in pyridoxine-dependent epilepsy
Recently, it has been found that pyridoxine-dependent epi-
lepsy is caused by mutations in the human antiquitin (ALD-
H7A1) gene [14,15] that is involved in the pipecolic acid
pathway of lysine degradation. Mutations that inactivate the
enzyme will lead to the accumulation of a-AASA and P6C.
P6C condenses with and depletes pyridoxal phosphate, an
essential cofactor in amino acid and neurotransmitter metabo-
lism; subsequently leading to seizures in the patients. Two
point-mutations, E399Q and A171V, in human antiquitin that
result in a decrease or a complete absence of oxidizing activity
towards a-AASA were identiﬁed [14,15].
The structural mechanism of enzyme inactivation by these
two mutations can be explained by the crystal structures of
antiquitin. E399Q is a common mutation in pyridoxine-depen-
dent epilepsy patients. In a recent study, it has been identiﬁed
in 12 of 36 alleles in a cohort of 18 patients [14,15]. This glu-
tamate residue (Glu398 in seabream antiquitin) is involved in
binding NAD+ by forming hydrogen bond with the nicotin-
amide ribose (Fig. 2A). Substitution of this charged amino
acid by the polar glutamine residue in the human E399Q
antiquitin mutant will disturb its interaction with the cofactor
and result in a decrease in enzyme activity. Noteworthy, this
glutamate residue is conserved among the ALDH superfamily,
and the eﬀect of a glutamine substitution at this position has
been previously demonstrated in human ALDH2 [38]. On
the other hand, Ala171 (Ala170 in seabream antiquitin) forms
part of the substrate-binding pocket (Fig. 2B). Substitution
with a bulky amino acid such as valine (A171V) at this posi-
tion will result in steric clashes with surrounding residues in
the substrate-binding pocket (e.g. Glu120, Phe167, Trp174),
leading to a loss in catalytic activity.
3.7. Concluding remarks
In summary, we have solved the crystal structure of sea-
bream antiquitin in complex with NAD+ at 2.8 A˚ resolution,
which provides the structural basis of substrate speciﬁcity to-
wards a-AASA. Conﬁrmed by site-directed mutagenesis, two
conserved residues, Glu120 and Arg300 located at the mouth
of the substrate-binding pocket, were found to play crucial role
in enzyme catalysis of antiquitin. Glu120 is more important for
substrate speciﬁcity while Arg300 is critical for catalytic
activity. To further prove the roles of these two amino acidresidues, crystallographic studies of the ternary complex of
antiquitin (and its mutants) with NAD+ and substrate analog
are in progress. The structure of antiquitin also provides valu-
able insights into how mutations found in pyridoxine-depen-
dent epilepsy patients inactivate the enzymatic activity of
antiquitin.Note
The atomic coordinates and structure factors of the binary
complex of seabream antiquitin with NAD+ (PDB: 2JG7) have
been deposited in the Protein Data Bank, Research Collabora-
tory for Structural Bioinformatics, Rutgers University, New
Brunswick, NJ (http://www.rcsb.org/).
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